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Abstract 
The use of coastal forests as natural tsunami barrier has long been the source of controversies due to inconclusive 
understanding on the damping performance and contradictory field findings from the last tsunami events. After experiencing 
hundreds of casualties and severe destruction on the infrastructures due to the 2006 South Java Tsunami, the coastline of 
Pangandaran district in West Java was replanted by coastal forest vegetation to mitigate future tsunami as well as improving 
the quality of the environment. The design of coastal forests along the coastline of Pangandaran adopted divide-and-rule 
strategy concept. Considering their physical and biological aspects as well as the ability to withstand hydraulic forces. This 
concept requires different species at different locations perpendicular to the coastline with staggered formations in order to 
provide optimum damping performance of the coastal forests. Unfortunately, this concept has never been quantified or 
hydraulically tested against extreme cases like tsunami. The paper will present the characteristics and the latest conditions of 
coastal forests in Pangandaran including the problems and the challenge of this mitigation system in the last five years. 
Moreover, damping performance of the coastal forests was also investigated by means of Nonlinear Shallow Water Equation 
Model to quantify the contribution of coastal forest and other existing environmental aspects such as the bathymetry and the 
topography to the total tsunami attenuation. Based on the obtained wave transmission, the simulation analysis shows that the 
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characteristics of bathymetry and topography along the coastline play significant role in reducing the impact of tsunami 
compared to the coastal forests.      
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1. Background 
Coastal forests have been considered by many parties as one of mitigation measures against tsunamis. Japan 
has long started the use of coastal forest as one of tsunami protection measures e.g. along the coastline of Sendai. 
1 was among the first who published quantitatively on the relationships of tsunami heights and coastal forest 
vegetation characteristics (e.g. trunk diameter and tree height) based on the data from the five largest historical 
tsunami events in Japan. Based on field observations, experienced damage, and satellite images of the last 
tsunami events, some reports have apparently shown significant role of coastal forest in reducing the impact of 
tsunamis2,3. Others supported those findings based on semi-analytical and empirical approaches through 
experiments with both physical and numerical models4,5,6,7. The 2011 Japan Tsunami, however, have provided us 
completely different facts where many coastal forest were completely destroyed by the extreme tsunami. 
Moreover, previous tsunami events such as the 2009 Chilean Tsunami and the 2010 Mentawai Tsunami have also 
revealed evidence of the inability of coastal forest against the impact of extreme tsunami. Thus, some have 
concluded that coastal forest were not always protective and the final conclusion on the effectiveness of coastal 
forest as coastal tsunami barrier still cannot be drawn8,9,10. The large uncertainties associated with tsunami 
onshore propagation, the effect of complex bathymetry and topography, and vegetation behaviours against 
tsunami force illustrate some of the poorly understood aspects. Based on the analysis of physical model using 
parameterized tree models, 11 concluded that the foreshore topography and bathymetry characteristics play 
significant role in reducing the impact of tsunami. Additionally, coastal forests will hardly provide protection for 
large tsunami reaching the canopy of the tree or beyond due to structural stability problems (i.e. uprooted or 
broken trunks). 
After the 2004 Aceh tsunami, coastal forests has been implemented extensively for tsunami mitigation 
measures in several areas in Indonesians islands, mostly in Java and Sumatera. The latest “greenbelt project” 
sponsored by the Ministry of Marine Affairs and Fisheries have planted coastal pine tress (Casuarina 
Equisetifolia) along the coastal area of Pesisir Selatan Regency, West Sumatera Province12. Though the 
effectiveness of coastal forest for tsunami mitigation measures is still in discussions, coastal forest has been 
considered as the most favourable due to other additional functions such as for environmental improvement of the 
coastal area. Pangandaran district in West Java Province suffered heavy destruction due to the 2006 South Java 
Tsunami and killed hundreds of people. Tsunami run-up heights were measured up to 15.7 m and the inundation 
distance reached hundreds of metres13. Immediately after the event, the central government and local institutions 
launched a replantation project of coastal area along Pangandaran. Different species were planted and arranged in 
different configuration to provide short of protections against tsunami flow. Therefore, this paper describes the 
characteristics of coastal forests along the coastline of Pangandaran for the purpose of tsunami mitigation 
measures. The objective of the current study will focus on the analysis of tsunami attenuation by coastal forest 
© 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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and by other environmental features (topography and bathymetry) by reproducing the 2006 South Java Tsunami 
numerically (Nonlinear Shallow Water Equation Model) using the latest available data.   
2. Methodology 
 Identification of coastal forest along the coastline of Pangandaran beach was started by Geographical 
Information System (GIS) analysis in order to get general overview of coastal forest conditions in Pangandaran 
for certain period of time. The satellite images (1993, 2003, 2006 and 2013) of Pangandaran area was provided by 
LANDSAT. From the satellite images, identification of coastal forest was carried out by means of ArcGIS to 
measure the forest area and calculate the changes over time. However, GIS analysis is unable to identify the 
species as well as other important tree characteristics. To overcome this problem, an interview with the locals 
were the main source of information for identification of species in certain areas before the tsunami event.  
Detailed data of coastal forest characteristics in selected areas were collected by field surveys on July 2013 
(Fig. 1). The collected data include the geometry (height, trunk diameter, and canopy size), types of vegetation 
(species), forest density, and other physical features. These data are useful for the selection of surface roughness 
coefficients in the numerical simulation as well as for the post-processing analysis. For numerical simulation 
purposes, the bathymetry data in large area was taken from General Bathymetric Chart of the Oceans (GEBCO) 
with 900 m resolution. For smaller area in Pangandaran, the bathymetry and topography data were provided by 
the National Agency of Disaster Mitigation (or BNPB). The bathymetry data has a resolution of 90 m and the 
topography data used in the simulation has a resolution of 30 m (see Fig. 1a).  
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Fig. 1. Survey locations and characteristics of coastal forest vegetation in Pangandaran 
In order to achieve the aforementioned objectives, distinguishing the role of coastal forest and other 
environmental aspects to the attenuation of tsunami, the analysis with numerical simulation was carried out based 
on two scenarios.  The first one uses only bare land without any existing obstacles and the second one implement 
roughness coefficients representing the existence of coastal forests. With this setups, the contribution of coastal 
forests to the total tsunami attenuation can be obtained. The selection of Manning roughness coefficients for bed 
surfaces (nb) are based on the values proposed by14. For the setup with the presence of forest model, an approach 
of equivalent Manning roughness coefficient, ne is applied. The value of equivalent Manning roughness 
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coefficient is a function of hydraulic resistance, i.e. drag coefficient, CD. The equivalent Manning roughness 
coefficient has been used in practical implementations and has also been validated15,16,17. The equivalent Manning 
roughness coefficients as a function of CD is formulated as follows16: 
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Where: 
CD : drag coefficient [-] 
g : gravitational acceleration [m/s2] 
Af : frontal area of forest model [m2] 
nb : Manning roughness for the bed surface [s/m1/3] 
V : control volume as a function of water depth [m3] 
Hr : total water depth (h+η) [m] 
 
The values of CD was selected based on the characteristics of the forests in Pangandaran beach. Coastal forest 
vegetation in Pangandaran were dominated by Coconuts, Coastal pine, Ketapang, and Waru laut which are 
characterised by branchless trunk in the lower parts and medium density of the canopy. For these type of trees, 
the recommended values of CD are 1 – 0.8 11,5. The frontal areas, Af are measured by taking the picture of one 
sided tree in perpendicular to the expected flow direction. The control volume V is the volume of water in the 
forest area depending on the expected tsunami heights (Fig. 2). The Manning roughness coefficients for the 
bottom of the sea, the bare land and the coastal forests are 0.04, 0.12 and 0.19 respectively. 
Before the analysis on the role of coastal forest started, the 2006 South Java Tsunami was first validated by the 
available data from18. The 2006 South Java Tsunami was generated by an earthquake 7.95 Mw, strike 289o, Dip 
6o, Rake 95.7o, rupture velocity 1.1 Km/s, and seismic moment 11x1020 Nm 19. This source parameters were used 
in the simulation and six validation points along the coastline of Pangandaran were provided. An open source 
NLSWE based model, COMCOT version 1.7 was used for the generation, propagation and inundation of tsunami 
[20]. COMCOT solves the governing equations using finite different methods and has been implemented in 
several historical tsunami events20. Additional important features such as moving boundary schemes, grid 
matching algorithm, nonlinear equations solver and grid nesting algorithm, and dispersion algorithm have also 
been introduced. 
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Fig. 2. Definition of control volume V and frontal area, Af 
3. Results and Analysis 
3.1. Coastal forest charateristics based on GIS 
Based on the analysis of GIS, the distribution of coastal forest along the coastline and the total area were 
identified and measured. Results show that from 1999 until 2013, coastal forest condition along the beach of 
Pangandaran had experienced changes through time (Fig. 3). Coastal forest in 1999 had an area 133.56 ha and it 
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reduces drastically (~40%) in 2003 with only 81.27 ha. The destruction of forest in early 2000 were severe due to 
mainly illegal logging and the need of space for economic activities. After the 2006 tsunami, replantation project 
was carried out in 2007/2008 and the increase of coastal forest area reaches 128.82 ha (68% increase from 2003) 
afterwards. However, in 2013 or 6 years after the replantation projects, the total area of coastal forest reduces by 
4% (120.51 ha). The latest conditions along the coastline of Pangandaran clearly show some coastal forest area 
have been occupied by vendors and parking area for boats. This conditions occur due to the increase of tourist 
visits to Pangandaran in the last 5 years.  The species that make-up coastal forest before the 2006 tsunami were 
identified from an interview. Coconut plantations can found in many areas (e.g. Cikembulan and Wonoharjo 
villages) while mangroves are common in estuaries such as in Parigi and Kalipucang. Pandanus sp. is commonly 
found because it was intentionally planted and the leaves are regularly harvested for household purposes.   
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Fig. 3. Coastal forest conditions in Pangandaran based on GIS analysis 
 
3.2 Coastal forest charateristics after the 2006 tsunami 
The identified spesies in the area include Waru (Hibiscus tiliaceus), Kelapa (Cocos nucifera), Keben 
(Baringtonia sp.), Ketapang (Terminalia catappa), Pandan Laut (Pandanus sp.), Cemara laut (Casuarina sp.), 
Mangroves (Nypa sp., Sonneratia sp.), Beringin (Ficus sp.), Angsana (Pterocarpus sp.), Malapari (Pongamia 
sp.), and Borogondolo (Hernandia sp.). Young and mid-age trees are dominant in the survey locations (transects) 
namely Pangandaran, Pananjung, and Wonoharjo Villages (Fig. 4). In these locations, five species: Kelapa, 
Keben, Waru Nyamplung and Ketapang are very dominant. The three locations were selected for deeper analysis 
because of high economic activities from tourism and served as the centre of the replantation project in 
2007/2008. The distance among the trees are varied from irregular to 3 x 3 m or 5x 5 m. A wider distance among 
individual trees in certain areas exists due to the needs of more spaces for tourism activities. This condition is 
common in Pangandaran Village where street vendors are mostly occupy the coastal forest area (see Fig. 4, 
transect 1). 
 
Transect 1
Transect 2
Transect 3
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Fig. 4. Coastal forest conditions in Pangandaran based on field survey in 2013 
 
In these three locations, the so –called multi defence strategies of green belt have been implemented for 
different dedicated areas (tourism and non-tourism areas)21. Different vegetation species was arranged based on 
the height of the canopy and the ability to withstand flow forces. Generally, smaller vegetation species with low 
canopy such as Pandanus sp. were planted in the front line due to their high density and their strength against 
scouring/erosion. In the following lines, the trees were arranged based on aesthetic aspects (i.e. for tourism area) 
and the height/density of the species canopy (Fig. 5).  Based on the observation in 2013 or six years after the 
replantation, the conditions of coastal forest were found to be completely different from the early design. In 
tourism area, most trees in the frontline died and most of the area has been occupied by vendors. Moreover, the 
arrangement of the trees based on the height/density of the canopy did not exist anymore (Fig. 5b). Similar 
conditions were also observed in the area for non-tourism area. 
 
The design in 2007
Real condition in 2013
The design in 2007
Real condition in 2013
a) Tourism area
b) Non-tourism area
(Mile, 2007)
(Mile, 2007)
 
Fig. 5. Coastal forest profile in Pangandaran based on field survey in 2013 for two different dedicated areas 
 
3.2. Tsunami attenuation by coastal forests 
The simulation of the 2006 South Java Tsunami was carried out by means of NLSWE based model, 
COMCOT. The bathymetry/topography domains are divided into three regions: the main domain (the large one) 
for the generation of tsunami and two nested domains (Fig. 6) to see better tsunami propagation in the near shore 
and tsunami inundation on land. The simulation was run for 1.5 hours and the results were firstly validated at six 
points at different locations (Fig. 6). The simulation errors (percentage ratio of the simulation data and the 
measurement data) range from 18.2% - 2.4%. Large errors occurs in points 1 and 2 because this area has a 
complex bathymetry and topography system.  For such complex features, more detailed data are required in order 
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to get better results. Meanwhile, points 3, 4, 5 and 6 have less complex physical features so that the errors are 
small (Fig. 6). Based on this results, the analysis of coastal forest damping performance was carried out by taking 
examples in Pangandaran Village (an area surrounding points 3 and 4). Ten points were selected to assess the 
performance of coastal forest against the impact of tsunami (Fig. 7). In order to see the contribution of both 
topography and coastal forest, two model scenarios were performed. Scenario 1 is for the condition without the 
presence of coastal forest where tsunami attenuation is solely induced by the topography while scenario 2 with 
the existence of coastal forest where tsunami attenuation is caused by both the topography and coastal forests. 
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Fig. 6. Bathymetry conditions of Pangandaran and six validation points of the numerical simulation 
 
The characteristics of tsunami propagation and inundation in Pangandaran beach are shown in Fig. 7. As 
reported by the eyewitnesses, draw down of the sea surface was also observed in the simulation prior the large 
waves came to the shore. The first wave arrived approximately 60 minutes after the earthquake and the second 
wave arrived around 15 minutes later. This findings confirm the field data reported by [18]. Different propagation 
characteristics of the first and the second waves were observed where the first one came from the South and 
mostly hit the Northern part of the beach while the second waves came from the West and hit the Eastern part of 
the beach. The different between the two incident waves indicates the important role of coastline orientation to 
the incident waves and the characteristics of bathymetry and the topography of the region.  
Table 1. Tsunami wave attenuation with and without coastal forest (see Fig. 7 for tide gauge locations) 
Near shore on land without/with forest % reduction % Contribution 
Gauge 
number 
wave height 
[m] 
Gauge 
number 
wave height 
without forest 
[m] 
wave height 
with forest 
[m] 
without 
forest 
with 
forest Foreshore Forest 
1 7.69 2 2.10 2.01 72.7% 73.9% 98.4% 1.6% 
3 7.65 4 0.90 0.82 88.3% 89.3% 98.8% 1.2% 
5 6.03 6 0.88 0.73 85.3% 87.8% 97.2% 2.8% 
7 3.94 8 1.48 1.48 62.4% 62.5% 99.9% 0.1% 
8 2.70 10 2.55 2.55 5.5% 5.5% 100.0% 0.0% 
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Fig. 7. Simulation of the 2006 South Java Tsunami in Pangandaran. Wave height and inundation are in metre 
 
For the investigation of tsunami attenuation by coastal forests, ten tide gauges were provided in the near shore 
and on land along the beach of Pangandaran for both scenarios (Fig. 7). Results shows that there is no significant 
contribution of coastal forests to the total tsunami attenuation. Tsunami attenuation measured at tide gauges with 
and without the presence of coastal forest are shown in Table 1. The highest contribution of coastal forest to the 
total tsunami attenuation is only 2.8 % (tide gauges 5/6, Fig. 7). Poor forest conditions such as narrow forest 
width (50 – 100 m) and small forest density (e.g. 5 x 5 m) may have contributed to the less significant 
contributions of coastal forest to the total wave attenuation. The characteristics of the bathymetry, the orientation 
of the coastline and the foreshore topography characteristics have played much more significant role to the total 
tsunami attenuation. 
 
4. Conclusions and remarks 
 The replantation project of coastal forest vegetation in Pangandaran right after the 2006 South Java Tsunami 
was a reasonable effort to improve the conditions of the environment. However, the objective to provide a 
tsunami protection based on solely on the existence of coastal forests should be reviewed carefully and 
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systematically, particmileularly the limitations should be clearly addressed. Data and preliminary studies in this 
paper showed that the new coastal forests along the Pangandaran beach may not provide any protection due to 
hydraulically unreliable, insufficient design as well as poor maintenance conditions. Aside from that, coastal 
forests ultimately have provided better coastal environmental conditions, erosion protection system from wind 
waves, and increased economic activities of the communities.   
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